Multiple resolution surface wave tomography: the Mediterranean basin by Boschi, L. et al.









Multiple resolution surface wave tomography: the Mediterranean
basin
L. Boschi,1,2∗ G. Ekstro¨m3 and B. Kustowski3
1Dipartimento di Scienze Fisiche, Universita` Federico II, Napoli, Italy
2Institute of Geophysics, ETH Ho¨nggerberg, Zu¨rich, Switzerland
3Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA, USA
Accepted 2003 November 14. Received 2003 October 20; in original form 2003 January 31
S U M M A R Y
From a large set of fundamental-mode surface wave phase velocity observations, we map the
transversely isotropic lateral heterogeneities in the upper-mantle shear velocity structure. We
design a multiple resolution inversion procedure, which allows us to parametrize any selected
region more finely than the rest of the globe. We choose, as a high-resolution region, the
upper mantle underlying the Mediterranean basin. We formulate the inverse problem as in a
previous paper by Boschi & Ekstro¨m, calculating regional JWKB (Jeffreys–Wentzel–Kramers–
Brillouin) surface wave sensitivity kernels for each pixel of a 2◦ × 2◦ starting model, including
the high-resolution global crustal map Crust 2.0. We find that the available surface wave data
can resolve the most important geophysical features of the region of interest, providing a
reliable image of intermediate spatial wavelength.
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1 I N T RO D U C T I O N
The Mediterranean basin is a geodynamically complex area, gov-
erned by the slow collision between Africa and Eurasia. The bound-
ary between the two plates is not entirely well defined: although there
is clear geodetic and seismic evidence of northward subduction un-
der the Hellenic and Calabrian arcs, diffuse seismicity around the
Adriatic sea and western Mediterranean requires a more complex
description of plate interaction (e.g. de Jonge et al. 1994; Wortel &
Spakman 2000; Faccenna et al. 2001). Tomographic studies of the
region naturally play an important role in this context.
Our current knowledge of the upper mantle underlying the
Mediterranean basin is mostly derived, through seismic tomog-
raphy, from observations of teleseismic and regional body wave
travel times (e.g. Spakman et al. 1993; Piromallo & Morelli 1997;
Bijwaard 1999; Piromallo & Morelli 2003).
Teleseismic body waves, covering epicentral distances of ca 25◦
and more, propagate almost vertically within most of the upper
mantle, and reach their bottoming point only in the lower mantle.
For this reason, a set of teleseismic body wave measurements is
optimal to map the lower mantle lateral structure, but can achieve
only a limited resolution of the upper mantle: at shallow depths it
only illuminates a, more or less, narrow cone below each seismic
source and receiver.
Regional body waves travel entirely within the upper mantle, and
are in principle a better means for its imaging. They are, on the other
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hand, more difficult to observe and interpret; the very strong radial
and lateral heterogeneities that characterize the Earth’s crust and
shallowest upper mantle can give rise to shadow zones, triplications,
and significant deviations of ray paths from their 1-D reference shape
(in large-scale body wave tomography, ray paths are calculated in a
1-D reference model and it is assumed that they are only negligibly
affected by lateral anomalies). All this naturally limits the resolution
that these observations can provide (e.g. Shearer 1999).
It is understood that the latter difficulties, since they concern
the formulation of the forward problem, cannot be evidenced by
the usual checkerboard or resolution tests, which only measure the
adequacy of the distribution of sources and receivers.
The method of Boschi & Ekstro¨m (2002) to derive images of
the Earth’s upper mantle from teleseismic observations of surface
wave phase delays, in the framework of a 3-D crustal reference
model, should give more reliable constraints at least on the long
wavelength component of the uppermost mantle velocity structure.
Here we apply it to an updated version of the data set of Ekstro¨m et al.
(1997), and derive high resolution maps of the region underlying the
Mediterranean basin, down to depths of a few hundred kilometres.
Boschi & Ekstro¨m’s (2002) approach is characterized by a care-
ful treatment of the effect of crustal heterogeneities, given as fixed
parameters of the reference model. Their reference model includes
the crustal structure Crust 5.1 of Mooney et al. (1998); we replace
it with the finer Crust 2.0 (Bassin et al. 2000) (2◦ × 2◦ rather than
5◦ × 5◦ lateral resolution).
We also modify Boschi & Ekstro¨m’s (2002) parametrization, re-
placing their equal-area horizontal cells with two sets of equally
spaced cubic splines (Wang & Dahlen 1995): a very dense one,
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limited to the Mediterranean, and a more sparse one to describe the
rest of the globe. This choice allows us to maximize the resolution
within the region of interest, with only a very limited increase in the
total number of model parameters.
2 PA R A M E T R I Z AT I O N
Multiple-resolution parametrizations like ours have been designed,
in recent years, by many authors attempting to integrate the results of
local and global tomography (e.g. Wang et al. 1995; Widiyantoro &
van der Hilst 1997; Bijwaard et al. 1998; Wang et al. 1998; Bijwaard
1999); for example, in Bijwaard et al. (1998), the extent of the
cell-functions that describe the Earth’s lateral velocity heterogeneity
changes locally, from 6◦ × 6◦ in areas that are not well sampled by
the data, to 0.6◦ × 0.6◦ where the data coverage is best and a high
effective resolution can be achieved.
There are two main reasons to follow this approach. In the first
place, the non-uniformity of the data coverage, inherent to the seis-
mic tomographic inverse problem. Parametrizations of uniform res-
olution are not optimal, as they require that undersampled areas,
where fine heterogeneities cannot be imaged, to be described with as
many basis functions as well covered regions of equal extent; plus, if
the resolution, where possible, is to be improved, the parametrization
must become uniformly finer everywhere, with a large unnecessary
expense of computer memory and time. A non-uniform parametriza-
tion dependent on the distribution of the data is, naturally, more
efficient.
Secondly, teleseismic measurements, associated with sources lo-
cated away from the region of interest, are sensitive to mantle het-
erogeneities outside that region. In many regional studies such het-
erogeneities are not free parameters of the tomographic inversion:
their effect is often accounted for with some a priori correction,
based on some 3-D global reference model; even so, inaccuracies in
the global reference model are likely to map into the regional solu-
tion model, generating fictitious features. The problem is altogether
avoided if the global velocity structure is also parametrized and in-
verted for, and the choice of a multiple density parametrization still
allows us to achieve efficiently a high resolution within the region
of interest.
Here we describe lateral heterogeneities in the upper mantle’s
transversely isotropic shear and compressional velocities in terms
of a grid of 422 cubic splines (Lancaster & Salkauskas 1986; Wang
& Dahlen 1995) that, globally, are approximately equally spaced, but
become more densely distributed within the Mediterranean basin.
Namely, 355 splines, of the 362 that result from triangulation of
the globe as in Wang & Dahlen (1995), parametrize the whole solid
angle; the seven splines whose centers fall within the Mediterranean
basin (−20◦ to 45◦E and 30◦ to 50◦N) are neglected and replaced
by 67 splines (which are non-zero over a smaller area, and whose
surface integral is accordingly smaller) defined by a three times finer
triangulation (Figs 1a and b).
In the radial direction we employ the same parametrization as
Boschi & Ekstro¨m (2002), consisting of nine non-equally spaced
cubic splines (Fig. 1c). Smooth parametrizations like ours, as op-
posed to the cell basis functions used in previous, similar, studies, are
more efficient in representing short wavelength structures with a rel-
atively limited number of free parameters (Lancaster & Salkauskas
1986).
3 L E A S T - S Q UA R E S I N V E R S I O N
We refer to Boschi (2001) or Boschi & Ekstro¨m (2002) for a
detailed formulation of the inverse problem relating transversely
isotropic shear velocity anomalies in the mantle to surface wave
phase delays. As in Boschi & Ekstro¨m (2002), free parameters of
our inversions are relative anomalies in horizontally and vertically
polarized shear wave velocities (denoted δvSH/vSH and δvSV /vSV ,
respectively), and in horizontally and vertically polarized compres-
sional velocities (δvPH/vPH and δvPV /vPV , respectively); we assume
δvPH/vPH = δvSH/vSH and δvPV /vPV = δvSV /vSV (Boschi & Ekstro¨m
2002), and are left with only two unknown velocity distributions,
δvSH/vSH and δvSV /vSV .
The inverse problem is based on eq. (10) of Boschi & Ekstro¨m
(2002), with local JWKB (Jeffreys–Wentzel–Kramers–Brillouin,
e.g. Dahlen & Tromp 1998) kernels K ′(r , θ , φ) that change de-
pending on the local character of the (3-D) reference model. Our
reference model is an improved version of the initial reference model
of Boschi & Ekstro¨m (2002), in that the 5◦ × 5◦ crustal model Crust
5.1 of Mooney et al. (1998) is replaced by its updated, 2◦ × 2◦
version Crust 2.0 (Bassin et al. 2000), and the appropriate JWKB
kernels are found for each cell of Crust 2.0. As in Boschi & Ekstro¨m
(2002), the reference mantle model is 1-D, isotropic, and has no
220 km discontinuity.
Let us write the resulting inverse problem:
A · x = d, (1)
where the vector x denotes the spline coefficients of the unknown
solution model, d is the phase delay data vector, and the matrix
A is related to sensitivity kernels and model parametrization. The
number of rows of A naturally coincides with the number of avail-
able phase-delay measurements (the dimension of d); the number of
columns with the number of free parameters that describe the model
(the dimension of x). The first 422 × 9 = 3798 entries of each row
of A, and of the vector x (422 being the number of horizontal basis
functions, and nine the number of vertical ones), are associated with
δvSH /vSH , the rest with δvSV /vSV . In both cases, the first 422 coef-
ficients correspond to the topmost radial spline; the second 422 to
the one immediately below; and so forth down to the ninth, deepest
spline (Fig. 1c). Each group of 422 coefficients includes, first, the
355 coefficients of the global splines, and secondly 67 coefficients
associated with the local ones. The horizontal spline index grows
west to east (fast direction) and north to south. Knowing how A is
organized is necessary to follow our discussion of the resolution
matrix, below.
In the case of a uniformly fine block parametrization, A is very
sparse and very large, and the most convenient way to find the least-
squares solution is by means of iterative algorithms like LSQR (e.g.
Boschi & Dziewonski 1999; Boschi 2001). Here, on the other hand,
the upper mantle is described by a relatively limited number of over-
lapping cubic splines: A is much smaller, but significantly denser
than in Boschi & Ekstro¨m (2002). We thus find the least-squares
solution xLS implementing directly (rather than approximating iter-
atively) the theoretical formula (e.g. Trefethen & Bau 1997)
xL S = (AT · A + D)−1 · AT · d, (2)
where the matrix D, representing the cumulative effect of the reg-
ularization constraints that we impose (Boschi 2001), has the same
dimensions as AT · A.
In order for this procedure not to be exceedingly time consuming,
we do not explicitly calculate A; our software is designed to read the
entire data set sequentially and, as each new datum is read, calculate
its contribution to all entries of AT · A. Then, (AT · A + D)−1
is found by a parallel implementation of Cholesky factorization,
running on a multi-processor computer. The least-squares solution
is thus identified much faster than it would have been in a single-
processor LSQR iterative approximation (Boschi 2003).
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Figure 1. (a) The cubic spline horizontal basis function. (b) Centers of the cubic splines that describe lateral variations of vSH and vSV in our parametrization.
(c) Radial cubic splines that describe radial variations of vSH and vSV .
4 R E S O L U T I O N
In most seismic tomography studies, the resolution, or spatial ex-
tent of the smallest seismic velocity anomaly that can possibly be
imaged, is typically evaluated through synthetic tests: given the data
coverage (geographic distribution of sources and stations for which
measurements are available), ray-theoretical traveltimes in a given
velocity model (e.g. a checkerboard function) are calculated for each
ray path; a synthetic data set is thus assembled, and inverted with
the same algorithm used to invert real seismic data. The similarity
of the solution model to the one from which synthetic data were
computed is a measure of the completeness of the data set: in the
ideal case of perfect coverage, the input and output model should
coincide (e.g. Boschi & Dziewonski 1999).
In this procedure, the same theoretical formulation (JWKB
ray theory) is generally used both to solve the forward problem
and to formulate the inverse problem. Limits in resolution that
arise from the approximations involved in the theory are therefore
ignored.
Here, as we attempt to constrain fine seismic structure from rela-
tively long period measurements, the use of JWKB ray theory might
be more limiting than non-uniformities in the data coverage. We shall
give careful consideration to both issues.
4.1 Theoretical limits
JWKB ray theory strictly holds in the limit of infinite frequency.
Close to this limit, the shape of a ray path and the traveltime of a
seismic phase propagating along that ray path, only depend on the
value of seismic velocities on the ray path itself.
Seismic waves at finite frequencies, on the other hand, are af-
fected by velocity structure away from the JWKB ray path. This
effect has been investigated (through scattering, or Born, theory)
for example by Marquering et al. (1999), Dahlen et al. (2000),
Hung et al. (2000), Spetzler et al. (2001, 2002), and Zhou et al.
(2003).
When we use JWKB ray theory to formulate a seismic inverse
problem associated with data of relatively low frequency, we are
implicitly limiting the spatial resolution of the solution; in prac-
tice, velocity anomalies distributed on a banana–doughnut-shaped
sensitivity kernel (i.e. the Fre´chet derivative) surrounding the ray
path are fictitiously mapped onto the ray path itself. The authors
mentioned above find banana–doughnut sensitivity kernels from
a comparison of wavefields derived with JWKB ray theory, and
scattering theory in the Born or Rytov approximations. If we ac-
cept their treatment, we can estimate the resolution achieved by
the JWKB ray theory formulation, based upon the size of the
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banana–doughnuts (or of the Fresnel zone): the larger the doughnuts
(or the Fresnel zone), the lower the resolution.
Spetzler et al. (2001) state, for example, that the lateral size of
the smallest anomaly resolvable by 40 s Love waves in the JWKB
approximation, be of ca 1300 km. This value roughly corresponds
to the maximum diameter of the banana–doughnut associated with
a teleseismic (epicentral distance of 30◦) Love wave at a similar
frequency, as derived by Marquering et al. (1999, fig. 7).
We suggest that this estimate of resolution may be somewhat too
conservative. The area over which Fre´chet kernels are non-zero tends
to zero near source and receiver; hence, the resolution of a surface
wave data set might be very high in a region densely covered with
sources and stations. In general, the results presented below favour
a more optimistic view.
[Naturally, theoretical limits to resolution could be surpassed by
dropping JWKB theory and accounting for finite frequency effects,
by scattering theory (e.g. Spetzler et al. 2002), normal mode the-
ory (e.g. Woodhouse & Girnius 1982; Cle´ve´de´ & Lognonne´ 1996;
Tanimoto 2003), or numerical calculations (e.g. Komatitsch &
Tromp 1999; Tape 2003), but this goes beyond the purposes of
the present work.]
4.2 Resolution matrix
That the above mentioned synthetic, or checkerboard tests are only
of limited usefulness has been noted, for example, by Le´veˆque et al.
(1993). Here, we quantify resolution in a more rigorous fashion. Af-
ter finding explicitly the generalized inverse matrix (AT · A + D)−1,
Figure 2. Model resolution matrix R from phase velocity data. In order to plot the entire matrix in a single page we had to smooth it: each pixel of this image
represents 18 × 18 pixels of R. With SH and SV we denote the matrix elements associated with horizontally and vertically polarized shear velocity, respectively.
we can readily determine the resolution matrix (section 4.5.1 in
Menke 1989; Boschi 2003):
R = (AT · A + D)−1 · AT · A. (3)
In the ideal case of perfect resolution, R should equal the identity
matrix I; differences between R and I tell us about fictitious effects
involved in the least-squares inversion.
Calculating R is, in a sense, equivalent to performing a resolution
test (the output model vector can be found by simply dot-multiplying
R by the input model vector); however, the direct analysis of R can
lead to more general conclusions, as it does not involve biases that
are necessarily introduced by the choice of the input model.
We find the resolution matrix R associated with the entire phase
velocity data set of Boschi & Ekstro¨m (2002), except for the major
arc observations, therefore, in this study we choose to ignore it (see
next section). The regularization matrix D is, naturally, that applied
to the least-squares inversion that lead to our preferred solution, as
discussed in the next section.
4.2.1 Trade-offs between δvSH/vSH and δvSV /vSV
The resolution matrix R is too large to be plotted entirely, and with
full resolution, in one single figure. For each 18 × 18 block of R,
we sum all entries and divide by 18: ideally, the resulting values
should equal one along the diagonal and zero elsewhere. We show
this filtered version of R in Fig. 2.
From the above description of A, we know that the upper left
3798 × 3798 diagonal block of R describes how the data can resolve
C© 2004 RAS, GJI, 157, 293–304
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Figure 3. Twelfth 422 × 422 diagonal block of R (not smoothed), showing how well we can resolve coefficients of δvSV associated with the third shallowest radial
spline.
δvSH/vSH , while its lower right diagonal 3798 × 3798 diagonal block
corresponds to δvSV /vSV . All non-zero entries in the other two blocks
(upper right and lower left) identify fictitious trade-offs in the solu-
tion between δvSH/vSH and δvSV /vSV .
Because Love waves are almost only sensitive to heterogeneities
in vSH , and Rayleigh waves are much more sensitive to δvSV /vSV than
to δvSH/vSH (e.g. Boschi & Ekstro¨m 2002), under normal conditions
the vSH and vSV components of the solution are strongly decoupled,
and, accordingly, all entries in the two 3798 × 3798 off-diagonal
blocks of R are approximately zero. Here, however, we have cho-
sen to put a strong damping on the anisotropy of the solution (see
Section 5.1 below), and an artificial coupling between δvSH/vSH and
δvSV /vSV results, evidenced by the presence of non-zero diagonal
bands in the off-diagonal blocks.
4.2.2 Vertical trade-offs
Within the two 3798 × 3798 diagonal blocks of R, non-zero
diagonal bands separated by 421 entries that are approximately
zero indicate a trade-off between model coefficients associated to
neighboring radial splines: JWKB sensitivity kernels are usually
non-zero over large depth ranges within the upper mantle, mak-
ing it relatively hard to resolve the radial dependence of velocity
heterogeneities.
Fig. 2 also evidences a certain decay of resolution with increasing
depth of the radial spline basis functions. We shall later show to-
mographic images extending to depths of ca 800 km, but only fully
trust them down to ca 400 km.
The loss of resolution with increasing depth is particularly fast
in the case of vSH anomalies (upper left 3798 × 3798 diagonal
block): Love wave sensitivity functions (most important to constrain
δvSH/vSH ) are non-zero within a more limited, and shallower, depth
range than Rayleigh wave ones.
4.2.3 Lateral trade-offs
Horizontal trade-offs are more limited than radial ones, owing to
the relatively uniform geographic distribution of observations in our
data set. To have a closer look, we plot in Fig. 3 the twelfth 422 ×
422 diagonal block of R, associated with the third shallowest radial
spline in the parametrization of δvSV /vSV . Each pixel now represents
one entry of R. This portion of R, corresponding to a well resolved
(though not the best resolved) depth range in the upper mantle, is
strongly diagonal, with diagonal entries very close to one. Non-zero
off-diagonal entries are few and small, proving that horizontal trade-
offs are almost negligible. In Fig. 3 they are organized in elliptical
patterns, because of the distribution and indexing of horizontal basis
functions; a separate set of non-zero off-diagonal ellipses is associ-
ated with the last 67 diagonal entries, corresponding to the denser
subset of cubic splines that describe the Mediterranean region; the
latter portion of R has the same properties as the rest of the ma-
trix, and we infer that our choice of a finer parametrization for the
Mediterranean is legitimate.
The properties of Fig. 3 are shared by all other analogous 422 ×
422 blocks of R, corresponding to either vSH or vSV and to all radial
splines. In all cases non-zero matrix elements are strongly concen-
trated on the diagonal. Particularly for the vSH part of the matrix,
the size of diagonal entries decreases with increasing depth of the
radial spline, as relatively few data are sensitive to vSH anomalies in
the transition zone and upper mantle.
Except for those associated with the deepest radial splines, non-
diagonal entries in Figs 2 and 3 are all substantially smaller than the
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Figure 4. Global (left) and regional (right) maps of δvS/vS , from the Voigt average 2/3δvSV /vSV + 1/3δvSH/vSH , at the six indicated depths in the upper
mantle.
corresponding diagonal ones, proving that the radial data coverage
is adequate to the chosen parametrization.
5 S H E A R V E L O C I T Y I N T H E U P P E R
M A N T L E
Our preferred maps of δvSV /vSV and δvSH/vSH , whose Voigt average
(e.g. Ekstro¨m & Dziewonski 1998) we show in Fig. 4, were obtained
from the simultaneous inversion of the entire data set of Boschi
& Ekstro¨m (2002), with the exception of the small number of mea-
surements associated with surface waves travelling along major arcs,
which we have decided to ignore: the corresponding ray paths being
very long, the sensitivity of these data to lateral heterogeneities is
non-zero over a wide area (e.g. fig. 1 in Spetzler et al. 2001; Zhou
et al. 2004) and this limits their resolution of lateral structure.
5.1 Regularization
Preliminary undamped or weakly damped inversions of the full data
set failed, because AT · A is ill-conditioned, or resulted in solution
models with a short-wavelength component too strong for the ex-
pected resolution. We have therefore looked for the optimal damp-
ing scheme, with a number of inversions where we have minimized
the norm of the solution, and the difference between δvSV /vSV and
δvSH/vSH . We have decided to discard roughness minimization as
a regularization criterion, because of its tendency to penalize small
scale features, within the high resolution region, that appear to be
meaningful. We have weighted the rows of the norm damping ma-
trix based upon the volume of the horizontal and vertical splines
(smaller, and denser, splines are damped less), but found this en-
deavour to affect the solution only slightly, at least at the level of
damping that we have chosen.
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Figure 5. Mean values of vSV (red curves) and vSH (thick black) as a
function of depth, from the model of Figs 4 and 5. The solid curves are found
averaging the values of vSV and vSH , at all depths, throughout the globe. The
dashed curves are found if the average is restricted to the Mediterranean
basin.
Because of the decoupling between the vSV and vSH components
of the solution, mentioned in Section 4.2 above, inversions with
no minimization of δvSV /vSV − δvSH/vSH tend to produce strongly
anisotropic images, but the accuracy of the mapped anisotropy is
dubious; with the regularization scheme chosen here we are more
likely to image lateral anomalies in radial anisotropy that are phys-
ically significant.
5.2 Discussion
Before plotting the Voigt average of δvSV /vSV and δvSH/vSH in Fig. 4,
we subtract their average value at all depths; the 1-D deviation of
the solution from the starting model can be seen in Fig. 5, where
we show the mean values of vSV and vSH , resulting from our inver-
sion, as a function of depth. As was to be expected, the behaviour
of the globally averaged (black curves) vSV and vSH as functions of
depth is analogous to that observed by (Boschi & Ekstro¨m 2002),
with a region of minimum velocity (and maximum anisotropy) at
ca 150 km; the average values of vSV and vSH calculated for the
Mediterranean only are similar to the global ones, probably re-
flecting the fact that this region (as we have defined it here) in-
cludes an almost equal share of continental, cratonic and oceanic
areas.
The global pattern of shear velocity anomalies in Fig. 4 (left panels)
is similar to those of Boschi (2001, chapter 6) and Boschi & Ekstro¨m
(2002), dominated by the signature of deep continental roots and
mid-oceanic ridges. Within the Mediterranean basin (right panels),
lateral vS structure in the top ca 150 km of the upper mantle is
characterized by several prominent features that can be explained
on the basis of the region’s tectonic history (e.g. de Jonge et al. 1994,
figs 14 and 15):
(i) The fast roots of the Iberian peninsula.
(ii) A well defined fast anomaly, most likely associated with sub-
duction, underlying (at all depths considered here) the Adriatic sea
and Aegean arc.
(iii) A large-scale low-velocity anomaly extending throughout
the western Mediterranean, corresponding to the known tectonic
extension of the area.
(iv) A shallow, slow anomaly of the same origin under the Aegean
sea.
(v) A strong slow anomaly extending from the Moho to ca 200
km depth under the Turkish–Iranian continental plateau, already
mapped by a number of authors (e.g. Villasen˜or et al. 2001, fig. 9)
and associated by Villasen˜or et al. (2001) to the collision between
the Arabian and Eurasian plates.
At 250–300 km depth, the vS map is dominated by a fast anomaly of
linear shape running under Anatolia, the Balkans, Italy and north-
western Africa. de Jonge et al. (1994) have shown that, in this depth
range, a similar velocity structure is to be expected based upon a
tectonic reconstruction of the temperature field. The consistency
between our maps and their result (Fig. 6), also substantiated by
tomographic images derived from body wave measurements (e.g.
Bijwaard 1999), suggests that our data set might achieve a resolu-
tion of lateral structure better than expected from the considerations
of Spetzler et al. (2001) (see above).
Figure 6. A comparison, at 245 km depth, between our results (top panel,
same color scale as Fig. 4), de Jonge et al. (1994) computed P-wave velocity
structure, based upon Dercourt et al. (1986) tectonic reconstruction (middle
panel), and Spakman et al. (1993) tomographic image, derived from P-wave
traveltime observations (bottom panel). The middle and bottom panels are
taken from de Jonge et al. (1994): their gray-scale ranges from −2.5 per cent
(light gray) to 2.5 per cent (black).
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Figure 7. Vertical sections through the Voigt average δvS /vS of our model, cut along the red lines shown on the map. Capital letters (A and A′, B and B′ and
so forth) denote the sections’ endpoints. The white layer at the top of each section represents the crust; note the strong lateral variations in the depth of the
Moho (from Crust 2.0).
Fig. 6 also shows that some features that were not predicted by
the simplified model of de Jonge et al. (1994) are, nevertheless,
shared by our map and that of Spakman et al. (1993) (bottom panel
of Fig. 6): in particular, the low velocity anomalies under Iberia,
central Europe, the Black sea and southeastern Mediterranean.
Vertical sections (Fig. 7) of the Mediterranean upper mantle and
transition zone are also dominated by fast anomalies associated with
the subduction of Africa under Eurasia. Subducting slabs are im-
aged under the Iberian peninsula (section AA′), the western Mediter-
ranean (BB′) and the Aegean arc (DD′). Fast anomalies which were
possibly originated by past subduction are present under the Alps
(BB′) and the Adriatic sea (CC′). The vertical gradient of δvS/vS
appears from Fig. 7 to be maximum at depths of ca 100 and ca
300 km, where there appears to be a change in the shape of sub-
ducting slabs. We were not able to distinguish a clear image of the
Calabrian arc subduction, whose lateral extent might be too small
for our resolving power.
At depths larger than ca 400 km, the scale length of our images
rapidly increases: seismic velocity in the lower portion of the up-
per mantle is only constrained by longer period observations (e.g.
Boschi & Ekstro¨m 2002) that are less numerous, and strongly are
affected by the theoretical limitations described in Section 4.1 (the
size of the Fresnel zone grows with the period). In this depth range,
our images should then be viewed as a low-pass filtered version of
true Earth structure.
In Fig. 8 we compare our western Mediterranean cross-section
with two analogous (P-wave velocity) sections taken, again, from
de Jonge et al. (1994). The long-wavelength component of all im-
ages is in agreement, showing low velocities in the shallow mantle
underlying the sea bottom, and fast anomalies associated with past
and current subduction, under the Alps and northern Africa. The
anomaly under the Alps appears to be divided into three sections,
with large vertical gradients at ca 150 and ca 300 km depth, both in
our surface wave based image and in the body wave one of Spakman
et al. (1993) (Fig. 8 middle panel, labelled EUR89B). In the re-
construction of de Jonge et al. (1994) (Fig. 8 bottom panel, la-
belled DRW), the same feature has, instead, a continuous character.
The consistency between two tomographic models derived from
profoundly different observations suggests that, for what concerns
this particular region, de Jonge et al. (1994) approach might be
oversimplified.
The very top of the upper mantle under the western Mediterranean
is characterized, in the Spakman et al. (1993) map, by a strong fast
anomaly, absent from both our image and de Jonge et al. (1994)
reconstruction. While Spakman et al. (1993) have formulated their
inverse problem assuming a crustal layer of uniform properties, the
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Figure 8. Vertical section BB′ (left = south, right = north) of western
Mediterranean seismic velocity structure, from three different models: S-
wave velocity variations from the Voigt average of our results (top panel);
Spakman et al. (1993) P-wave velocity model (middle panel); de Jonge
et al. (1994) computed P-wave velocity structure, based upon Dewey et al.’s
(1989) tectonic reconstruction (bottom panel).
crust under the Mediterranean sea is known to be thinner than av-
erage (Figs 7 and 8); the delay of P-wave traveltimes introduced
by the crust is then overestimated, and a region of fictitiously high
velocity is likely to be mapped into the mantle as a result. Alterna-
tively, the unexpected fast anomaly could be simply explained by
the absence of seismic sources and stations in the area, and the sub-
sequent lack of shallow-travelling body wave rays, and resolution.
Surface wave observations are more effective than body wave ones
in constraining the shallowest upper mantle structure, particularly if
lateral heterogeneities in crustal structure are accurately accounted
for.
Fig. 9 shows how well the starting model and the solution dis-
cussed above reduce the variance of Rayleigh and Love wave
data with respect to PREM (Preliminary Reference Earth Model,
Dziewonski & Anderson 1981). The starting model, which does not
account for radial anisotropy of the upper mantle, does not achieve
a positive fit of Rayleigh wave and longer period Love wave data.
The solution model reduces the variance of both Love and Rayleigh
wave data as well as solutions derived with no minimization of ra-
dial anisotropy: this justifies our choice of regularizing the inverse
problem by coupling δvSV /vSV and δvSH/vSH . As to be expected,
since the total number of free parameters is much smaller, the data
fit is not better than that of Boschi & Ekstro¨m (2002).
As in Boschi & Ekstro¨m (2002), we have iterated our procedure,
using the 3-D model discussed here as the starting point for a new in-
version; in this process, we have accordingly corrected all the local
JWKB sensitivity kernels. The solution remains stable: perturba-
tions are small and of limited spatial extent, and only involve areas
of relatively poor resolution (depths of 200 km or more).
6 R A D I A L A N I S O T RO P Y
We now compute the difference between our maps of δvSV /vSV and
δvSH/vSH , and show it in Fig. 10 after having subtracted its average
value at each depth. As noted above, in the least-squares inversion
that lead to this solution we had minimized the difference between
vSV and vSH ; nevertheless, our global maps confirm once again the
presence of a strong anomaly in radial anisotropy under the central
Pacific, with the same character as found by Ekstro¨m & Dziewonski
(1998).
Within the Mediterranean basin and surrounding regions, lateral
variations in radial anisotropy are not as strong, and do not have
such a significant long spatial wavelength component. A relatively
prominent anomaly in radial anisotropy, with δvSV /vSV < δvSH/vSH ,
interests the uppermost mantle (75–100 km depth) underneath Saha-
ran Africa: it is mirrored, within the same depth range, by an anomaly
of the same sign under the Pyrenees, northwestern France and the
Balkans, which seems to continue through the Aegean sea and Ana-
tolia. Similar anomalies exist under the Horn of Africa (maximum
at ca 100 km depth) and Iran (ca 150 km). Anisotropic anomalies of
the opposite sign are present under the eastern Mediterranean and
Black sea, extending to depths of ca 200 km.
Our resolution of radial anisotropy is limited by the difference in
quality and coverage of Love vs. Rayleigh wave observations, the
first being most sensitive to vSH , the second to vSV . This is particu-
larly true at depths larger than, say, ca 150 km, almost exclusively
sampled by Rayleigh waves. In addition, significant discrepancies
exist between various estimates of the thickness of the sediment layer
in the shallow crust (Tkalcˇic´ & Laske 2002), and fictitious vertical
trade-offs are not unlikely (Boschi & Ekstro¨m 2002). Anisotropic
anomalies like those of Fig. 10 are particularly hard to resolve, and
must be seen with the understanding that further, seismological and
geodynamic research is needed to assess their quality.
7 C O N C L U S I O N S
We have found that reliable long-wavelength regional images of
the upper mantle can be derived from a large set of teleseismic
measurements of surface wave phase velocity. The inherently long-
wavelength character of the data, and the choice of a multiple-
resolution parametrization, allow us to minimize the number of free
parameters that describe the solution: it is then feasible to find di-
rectly the model resolution matrix R to evaluate the adequacy of
data coverage (Boschi 2003). Fictitious trade-offs in the solution
C© 2004 RAS, GJI, 157, 293–304
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Figure 9. Variance reduction of Rayleigh and Love wave phase velocity data achieved by our 3-D model and by the starting model with respect to PREM.
Measurements are subdivided according to the surface wave periods, and variance reduction is computed separately for each period. The starting model, that
does not account for upper mantle anisotropy, does a worse job than PREM explaining Rayleigh wave phase velocity data (systematically negative variance
reduction). Because its crustal structure (Crust 2.0) is well constrained, it reduces the variance of shorter-period Love wave phase velocity data.
are small and, owing to the smooth, long-wavelength character of
JWKB radial sensitivity functions, they are limited to the radial
direction.
We have verified that our images of the upper mantle reproduce
well the pattern of fast and slow anomalies expected from tectonic
reconstructions. This is true even at fairly short spatial wavelengths
(compare, for example, Fig. 4 here with fig. 16 of de Jonge et al.
1994), suggesting that, at least in a region densely covered by seismic
sources and stations, the lateral resolution achieved by surface wave
data might be somewhat better than that suggested by theoretical
studies (Marquering et al. 1999; Spetzler et al. 2001).
Our method differs from those employed in other regional surface
wave tomographic studies (e.g. Snieder 1988; Villasen˜or et al. 2001;
Paysanos & Walter 2002) in that it accounts for the non-linear effect
of seismic velocity heterogeneities on surface wave JWKB sensi-
tivity kernels (Boschi & Ekstro¨m 2002). We find that crustal, rather
than mantle, heterogeneities affect the kernels most: after a first in-
version (from a starting model that includes a 1-D mantle and a
laterally varying crust), we updated the sensitivity kernels, account-
ing for lateral heterogeneities in the mantle, and found them to differ
only slightly from those derived in the starting model. Accordingly,
and in agreement with that noted by Boschi & Ekstro¨m (2002), the
subsequent iteration of our inversion algorithm has not resulted in
strong further corrections to the previous solution.
Once the multiple (and non-linear) effects of crustal heterogeneity
are thus accounted for, intermediate-period surface wave data are
the most efficient means to image the global lateral structure of the
upper mantle, at spatial wavelengths of a few hundred kilometres and
more. In fact, teleseismic body wave traveltimes are not sensitive to
the Earth’s structure in this depth range, except for the small regions
immediately underlying seismic sources and receivers, and regional
body wave observations are difficult to make and more sensitive to
non-linearities that are systematically neglected (ray bending).
Images like ours are then a natural starting point for higher reso-
lution tomographic inversions of body wave data, optimizing model
quality at all spatial wavelengths.
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